Abstract. The distributed virtual environment (DVE) system needs to adopt the consistency control method to maintain the state consistency of each node. Existing consistency control methods mainly consider how to increase the consistency of the whole system with a small overhead, and often neglect the important role of fairness in the virtual environment system. In fact, in many DVE systems, the fairness of all users in the virtual world plays an important role in the usability of the system. In this paper, we propose a new fairness-oriented consistency control method, which ensures the fairness of each node in terms of inconsistency degree by adjusting the ahead deviation time of each node, thus improving the usability of the system. Experimental results show that our method can significantly improve the fairness of the distributed virtual environment system.
Introduction
Distributed virtual environment system [1] is a kind of virtual reality system based on distributed simulation technology [2] [3] and network technology. It supports military training, online gaming, and distance education by building a virtual world that allows users to interact with each other in real time. The consistency problem is one of the most important problems in the distributed virtual environment system. There are a large number of geographically distributed users in the system, so keeping the virtual world in different nodes have a consistent view and the users can perceive a consistent state of various objects are of crucial to ensure system usability. In addition, the fairness of the system is also an important factor to determine the sense of reality of system, especially in military training, online games and other competitive virtual environment. The unfairness will lead to a result that competition results can not reflect the user or the player's real strength, which makes the simulation results untrusted, thus hampering the system usability.
The existing consistency control methods mainly consider the efficiency and effect of the consistency control process, that is, how to reduce the probability of occurrence of inconsistency with a small overhead, but often neglect the importance of fairness factor. Therefore, in this paper, we propose a new fairness-oriented consistency control method. In the process of consistency control, the inconsistency degree of each node is taken as the index of unfairness, and the ahead deviation time of each node will be set according to the inconsistency degree situation to optimize the overall system fairness, so the usability of the system can be improved during the run-time.
The rest of this paper is organized as follows: Section 2 introduces the related work on consistency control and fairness control. Section 3 gives a formal description of the problem. Section 4 introduces the proposed fairness-oriented consistency control method, Section 5 describes our experimental process and results, and finally, Section 6 summarizes the paper.
Related Work
The consistency control method of DVE system can be divided into the event order based consistency control method and the time stamp based consistency control method. The event order based consistency control method is to control the running process of each node according to the relation among the events. The most widely used methods in this category are causal order consistency control methods based on the happened-before causality relation [4] , such as the causal order consistency control method based on one-dimension vector clock [5] , the causal order consistency control method based on two-dimension vector clock [6] for unicast and multicast systems, critical causal order consistency control method [7] and so on. The basic idea of the methods in this category is to identify the key causal relations in the event order and to ensure that this type of relation in the system can be maintained at all nodes. In addition, there is a kind of sequential consistency control method, also known as total order consistency control method, which is to ensure the sequence of all events at all nodes as the goal, such as the distributed event delivery method proposed in [8] , the dynamic consistency control strategy switching method proposed in [9] , etc. This kind of methods can control the relation of all events to ensure the consistency of the state of each node in the system.
The time stamp based consistency control method is a technique to maintain the system consistency by precisely controlling the generation and processing time of each event and the time advancement process of each node., such as the local lag method proposed in [10] , the delay consistency control method proposed in [11] , the predictive time management technique proposed in [12] . Due to the more accurate management of the execution time of events, this method can provide better system consistency, but the overall control overhead and time cost are a little large.
The above-mentioned consistency control methods usually do not consider the fairness factor in the system. In fact, the fairness is a key issue that affects the sense of reality and immersion of the system. In [13] , the authors propose a message control method for C/S structure DVE system, which can ensure the fairness of each node effectively. In [14] , the authors propose a definition of unfairness based on usability space in DVE system, and proves that the distributed server architecture can improve the fairness of the system effectively. In [15] , the authors propose a fairness control method based on responsiveness satisfaction, which can effectively improve the fairness of each node in terms of response capacity.
System Model
Distributed virtual environment system usually consists of multiple nodes connected to each other. These nodes achieve interaction through the event or message delivery between nodes. In this paper, we use
to represent the set of all nodes in the system, and te e represents the time at which the event is actually executed on node b v . To ensure the state consistency of each node in the system, it is necessary to process the event at the same time point in each node, which is to satisfy the following absolute timestamp consistency constraint.
Constraint 1 Absolute timestamp consistency constraint
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According to constraint 1, a node cannot process the event immediately after it generates the event. Instead, it has to wait for a period of time to ensure that the event can be processed simultaneously after transferring the event to other nodes through the network. In addition, the delay time of a node cannot exceed the response time of the node. The reason is after initiating an action in the virtual world, the user needs to be given a feedback within a short time. If the response time is too long, the user's interactive experience will be greatly affected. Therefore, the following constraint should be satisfied.
Constraint 2 Response time constraint
In the above definition, m rt represents the response time of node m v . In order to guarantee the responsiveness of the system, the delay time of the event cannot be set to exceed the response time of the user. In this case, there may be an event which reaches the target node after the scheduled processing time, thus violating the previous constraint 1. Here we define the inconsistency degree of an event as: 
Then we define the inconsistency degree of a node as the mean of the inconsistency degree of all its received events.
Definition 2 Node inconsistency degree 
The inconsistency degree of a node represents how real the user can feel about the virtual world. If the inconsistency degree is high, it indicates that a large number of events are not processed at the expected time, and the operation of the node in the virtual world is affected seriously. Therefore, from a fairness point of view, we need to minimize the difference of inconsistency degree of different nodes. Therefore, we give the following definition of system unfairness.
Definition 3 System Unfairness var ( )
The var in the definition represents the mean-square deviation function. Therefore, the goal of this paper is to minimize the system unfairness UF while ensuring that the system consistency constraint and the response time constraint are satisfied. In the next section, we will present our fairness-oriented consistency control method.
Fairness Oriented Consistency Control Method
In our previous work, an asynchronous clock model [16] was proposed to fine-tune the simulation time of each node to improve the consistency of the system by redistributing the time resources of the system. In the asynchronous clock model, each node is given a deviation time and runs on its relative timeline respectively. In this paper, we define a new ahead deviation time, which means the simulation time that is ahead of the wall clock time a little. We use w t to represent the wall clock time, i t to represent the simulation time of node i v , then we can define the ahead deviation time as: Definition 4 Ahead deviation time :
In the case that deviation time exists, both the ahead deviation time of the sending node and the ahead deviation time of the receiving node will affect the event reception time, we can use the following formula to calculate the event reception time.
Definition 5 Event reception time formula
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In the definition, mn cd represents the message communication delay between m v and n v . According to definition 5, if the ahead deviation time of a node is increased, the inconsistency degree of the message it sent will be reduced, and the inconsistency degree of the message it received will be increased, thus reducing the inconsistency degree of the neighbor nodes and increasing its own inconsistency degree. Conversely, reducing the ahead deviation time of a node will reduce its inconsistency degree and increases the inconsistency degree of its neighbors. In this paper, we increase the inconsistency degree of nodes with low inconsistency degree and reduce the inconsistency degree of its neighbor nodes to improve the system fairness and reduce the total inconsistency degree of the system at the same time. The overall process is shown in Figure 1 .
We design a distributed fairness adjustment method, which adjusts the inconsistency degree between nodes dynamically in the running period. As shown in Figure 1 , we divide the entire running process of the system into multiple periods and run the algorithm at the end of each period to optimize the fairness. In the process of adjustment, the node first obtains the information about its neighbor nodes, including the inconsistency degree ICm and the node degree information NDm in the last period. Then, the node compares its own inconsistency degree ICi with the average inconsistency degree of all neighbors including itself ICall-avg. If its inconsistency degree is lower than the average inconsistency degree by a preset percentage Pth, then it indicates the current fairness is poor and an adjustment process should be started. The node will compute an adjustment value for the ahead deviation time, which is calculated as follows.
Definition 6 Adjustment value for the ahead deviation time
From the definition, we can see the adjustment value is equal to the difference between the node's inconsistency degree and the inconsistency degree of all neighbor nodes divided by the average node degree of the neighbor nodes. The node increases its ahead deviation time by this adjustment value, thereby increasing its own inconsistency degree while reducing the inconsistency degree of all its neighbors. Because its original inconsistency degree is lower than the average value, so the process will improve the fairness of the whole system. In the next section, we will discuss the simulation results of the proposed method.
Experimental Results
To test the effectiveness of this method, we designed a DVE simulation system, to simulate the behavior of multiple nodes in a single node. We put 1,000 nodes in this simulation system and set the node degree of each node to 5-10. We use the long tail distribution to construct the inter-node delay. The average delay is set to 100ms, and the average response time requirement of nodes is set between 30ms and 120ms. For the parameter Pth in the algorithm, we set it to 20%. We run this system for 10,000-time steps and run the fairness adjustment method described in this paper every 100-time step, and then we compare it with the process without fairness adjustment. The result is shown in Figure 2 .
The X-axis in Figure 2 represents the average responsiveness requirement, from 30ms to 120ms, and the Y-axis represents the average of the fairness statistics for every 100-time step at run time. The blue bars represent the results obtained by the method without the fairness control, and the red bars represent the results obtained by the method presented here. It can be seen from the data in the figure that the unfairness can be reduced by more than 50% by adopting the fairness oriented consistency control method mentioned in this paper. The experimental results clearly show that our method can improve the overall fairness and the usability of the whole system effectively. 
Conclusions
Consistency and fairness are both important factors affecting system usability in DVE systems. However, the existing consistency control methods often neglect the fairness factor of each node in the system, which makes them difficult to meet the functional requirements of competitive virtual environment system. Therefore, in this paper, we propose a fairness-oriented consistency control method, which can adjust the inconsistency distribution among nodes and improve the system overall fairness on the basis of maintaining the consistent state of each node in the system, thereby improving the system usability. Some experiments are conducted and shown to prove the effectiveness of the proposed method.
